We have formed four-arm branched DNA junctions that contain no more than a single base pair of branch migratory freedom. Recently, we have shown that these Holliday junction analogs have twofold symmetric protection patterns in solution when probed with hydroxyl radicals: two opposite strands of one junction show extensive protection near the branch point, while the other pair of opposite strands is virtually as susceptible as a double helix. In a different junction, the hydroxyl radical protection pattern is reversed. These patterns suggest that a crossover-isomer bias exists in these molecules and that the protected strands form the crossover between helices. Here, we examine the cleavage pattern of these structures when they are resolved by T4 endonuclease VII. Junctions are formed from a single shamrock-shaped molecule, which contains 5', 3', or internal labels. The enzyme shows a preference for resolving these modified junctions at sites near those protected from hydroxyl radicals. This result suggests that only crossover strands in a Holliday junction are cleaved, and thus an odd number of crossover isomerizations must occur when flanking markers are exchanged.
Recombination is a central biological phenomenon that produces genetic diversity, predominantly by exchanging genetic information between homologous chromosomes. This process may proceed via the exchange of two strands of DNA, between homologous duplex molecules (1) (2) (3) (4) , to form four-arm Holliday junctions (3) (process I, Fig. 1 a and b) . Holliday junctions are known to be intermediates in homologous (4) as well as site-specific (5) (6) (7) (8) recombination. The twofold sequence symmetry associated with homologous pairs permits the junction to undergo an iterative structural transformation, known as branch migration (process II, Fig.  1 b and c) (9) (10) (11) . Migration relocates the branch ( Fig. 1 ) and creates heteroduplex DNA in the region between its initial and final sites. This heteroduplex DNA may create a substrate for mismatch repair (e.g., see refs. 12 and 13) if the homology is not exact. The Holliday junction may undergo a different structural transformation, a crossover isomerization (1, 14) , in which the crossover strands switch with the noncrossover strands (process III, Fig. 1 c and d ). After these transformations or isomerizations, the intermediate is resolved (process IV, Fig. 1 e or e') and religated (process V, Fig. 1 f orf ) . The history of the complex and its resolution by cleavage (process IV) determine whether or not genes that flank this region are exchanged: if the strands that originally exchange are cleaved (Fig. le' ), there will be no exchange of flanking markers; however, these markers will exchange if cleavage occurs on the strands that did not originally exchange (1) (2) (3) (Fig. le) . If the resolvase acting in process IV could cut either pair of strands (crossover or noncrossover) with equal facility, exchange of flanking markers could occur without need for the crossover isomerization (process III). This could happen because the Holliday junction has pseudofourfold symmetry, or because the resolvase cuts both crossover or noncrossover strands in twofold symmetric junctions equally readily. Alternatively, if the resolvase only cuts the crossover strands, exchange of flanking markers requires an odd number of crossover isomerizations. Here we report cleavage experiments, using endonuclease VII from bacteriophage T4, on Holliday junction analogs of limited mobility and known crossover bias. We find that the enzyme resolves these molecules by cutting the crossover strands. Thus, crossover isomerization must occur an odd number of times to observe exchange of flanking markers.
Holliday junctions can be modeled in synthetic oligodeoxynucleotide systems by using "immobile" four-arm junctions (15) , such as Ji (16) (Fig. 2a) , which lack the sequence symmetry (homology) to enable them to migrate. We have characterized Ji extensively in previous work (17) (18) (19) (20) . Recently, we have found that the cleavage pattern of Ji in response to hydroxyl radical probe (21) is twofold symmetric in solution (22) . As shown in Fig. 2a , the branch-point flanking residues in strands 2 and 4 are strongly protected from cleavage, while those same residues in strands 1 and 3 are almost as susceptible as double-helical DNA. We have concluded from these data that Ji arranges its four arms into two helical domains, one containing arm I and arm II, while arms III and IV form the other domain. This is much like a Sigal-Alberts structure (14) , although the relative orientation of the two domains is not yet established. Within this model, strands 2 and 4 correspond to the crossover strands, while strands 1 and 3 are the noncrossover strands. Cooper and Hagerman (23) have used gel electrophoresis experiments to draw similar conclusions about a junction derived from JE.
In addition to J1, we have also characterized the hydroxyl radical susceptibility of two junctions based on J1; these junctions have a single degree of branch migratory freedom and are therefore termed "monomobile" (24) . In J1SMA, shown in Fig. 2b , adenines have been inserted into strands 1 and 3 at the branch point, and thymines have been inserted on strands 2 and 4. This junction shows the opposite protection pattern, with the primary protection on strands 1 and 3 and little noted on strands 2 and 4. These data suggest that strands 1 and 3 are the crossover strands ofJlSMA. This is in contrast both to Ji and to another monomobile junction, JlSMC, in which the mobile adenines and thymines of JlSMA are replaced by cytosines and guanines, respectively (24) .
The strong and opposite crossover biases ofthesejunctions constitute a system to establish the ability of a resolvase to cut both sets of opposite strands, and, indeed, to determine which ones it does cut. Endonuclease VII, the product of gene 49 of bacteriophage T4, is required for the packaging of odd number of times, cleavage (process IV) of the crossover strands yields (e), although (e') results if III occurs an even number of times before cleavage. Ligation (process V) of(e') generates a pair of linear duplex DNA molecules that contain heteroduplex DNA because of branch migration but that have retained the same flanking markers. Ligation of (e) yields molecules that have exchanged flanking markers.
DNA and also is involved in the production of recombinant progeny phage (25) . This enzyme has been shown to cleave semimobile Holliday junctions (26) as well as cruciforms extruded from negatively supercoiled plasmids (27) and three-arm junctions, which do not branch migrate (28) . J1 is not a substrate for endonuclease VII, because its arms are slightly too short (C. J. Newton, J.E.M., F. Jensch, B.K., R.P.C., N.R.K., and N.C.S., unpublished data). Endonuclease VII is known to cleave adjacent as well as opposite strands under favorable circumstances (28, 29) ; therefore, following the cleavage of junctions assembled from single strands only allows one to follow the fate ofindividual strands rather than the fate of the junction. Accordingly, we have selected shamrock variants of J1 and J1SMA, termed J1-S and J1SMA-S (Fig. 2) , as substrates for endonuclease VII. By a combination of end labeling and internal labeling, we demonstrate that the enzyme cuts the crossover strands.
Thus, crossover isomerizations are required for the exchange of flanking markers.
MATERIALS AND METHODS
Synthesis and Purification of DNA. All DNA molecules used in this study were synthesized on an Applied Biosystems 380B automatic DNA synthesizer, and "deprotected" by routine phosphoramidite procedures (30) . All strands >20 nucleotides long were purified by polyacrylamide gel electrophoresis. Shorter strands were purified by HPLC, using a Dupont Zorbax oligonucleotide column, following the manufacturer's recommended elution protocol.
Each shamrock junction was labeled in four separate sites: on the 5' end, on the 3' end, on arm II, or on arm IV, as indicated in Fig. 2 . For 5' and 3' labeling, the shamrock molecule was synthesized in its entirety. For internal labeling, the 5' and 3' fragments were synthesized separately and then ligated together, using 32P kinase treatment to phosphorylate the 3' fragment.
Enzymatic Reactions. Preparation of substrates. Phosphorylations to label the 5' and 3' ends of molecules, as well as ligations, were performed according to established protocols (31) . Digestion with Sau96I restriction endonuclease (Bethesda Research Laboratories) was according to the manufacturer's protocol.
Endonuclease VII digestions. Endonuclease VII was prepared as described (32 Polyacrylamide Gel Electrophoresis. Denaturing gels were run and autoradiographed as described (22) . Positions of cleavage on these gels were determined by mobility with respect to a 5'-labeled T + C sequencing ladder (33) (Fig. 3a) that was calibrated with a 3'-labeled T + C sequencing ladder; 5'-labeled n-mers have slightly higher mobilities than 3'-labeled (n -1)-mers (data not shown). We assume that mobility on these gels is independent of sequence. Native gels were run as described (17) . RESULTS The use of shamrock molecules provides information about the fate of junctions, rather than of individual strands. In contrast to a junction composed of two or four individual strands, appropriately labeled shamrock molecules allow one to distinguish cleavage that corresponds only to resolution from products due to nicks and multiple cutting. Accordingly, we have designed shamrock molecules whose branchpointflanking sequences are the same as those of J1 and J1SMA. These junctions, J1-S and J1SMA-S (Fig. 2) , have been modified slightly for these experiments. Besides the addition of loops containing five thymidine residues, each arm has been lengthened by the insertion of [1] [2] [3] [4] residues between the fourth and fifth residues of J1 or J1SMA; these insertions ensure the ability of the enzyme to cleave the junction and facilitate the ligations necessary for internal labeling. In addition, the 3' base has been left off to facilitate 3' labeling of the complete strand. We have shown elsewhere that crossover biases seem to be determined solely by the residues that flank the branch point (24) . The directions of resolution are indicated on Fig. 2 J1 is a junction that has been well-characterized in previous physical studies ( [16] [17] [18] [19] [20] [21] [22] [23] . The individual strands are numbered with Arabic numerals, and the arms are numbered with Roman numerals. The 3' ends of the strands are indicated by halfarrowheads. Fixed Watson-Crick base pairing is indicated by small dots between complementary pairs. The residues flanking the branch point protected from hydroxyl radical attack (22) The central finding of this study is illustrated in Fig. 3 . This figure illustrates autoradiograms of gels containing the products that result when these substrates are treated with endonuclease VII. Each set of four lanes contains, respectively, untreated J1-S, treated J1-S, treated J1SMA-S, and untreated J1SMA-S. The dominant product in the case ofJ1-S always results from cleavage in direction 2. By contrast, the dominant product in the case of J1SMA-S is in direction 1. Thus, the strands that are protected from attack by hydroxyl radical (22, 24) are the strands primarily digested by endonuclease VII. The conclusion is that the crossover strands are cleaved by endonuclease VII.
We have quantitated the relative cutting efficiencies by densitometry of the internally labeled products. For the label on the left arm (II) of J1-S, we find a cutting preference for direction 2 over direction 1 of 1.5, while label on the right arm (IV) gives a value of 1.8. Label on the left arm (II) ofJ1SMA-S gives a cutting preference for direction 1 over direction 2 of 2.8, and the right arm (IV) label gives a preference of 2.5. It is worth noting that the measurements with the left-arm and right-arm labels are independent and coincide reasonably well with each other. The cleavage seen in the other direction may be ascribed to the presence of a relatively small amount of the other crossover isomer; that argument is consistent with the small amount of protection found on the "unprotected" strand in the protection studies (22, 24) . We ascribe the differences in cutting preferences (averaging 1.65 for direction 2 vs. 2.65 for direction 1) to different amounts of the other crossover isomer being present in the two different junctions.
We have tested the shamrock corresponding to the monomobile junction J1SMC, which has also been characterized by hydroxyl radical analysis (24) . This junction shows the same cutting preference as does J1-S, supporting the notion that the crossover bias of J1SMA is responsible for its cleavage preferences rather than the mobility of its central nucleotides. We have compared the mobility of the shamrock junctions by native gel electrophoresis. They run as a single band on a 20% polyacrylamide gel, with a mobility somewhat slower than that of J1 or its analogs containing 9 or 10 nucleotide pairs per arm. This finding supports the hypothesis that the single-stranded molecules form the same junccomplementary set of bases has been inserted at the branch point, which can undergo a single step of branch migration. The unfixed pairing between these four bases is indicated by the open circles between these bases: either the horizontal or vertical A-T pairs may form. Note that the protected bases are on strands 1 and 3, rather than 2 and 4, as in a. Thus, arm II is thought to stack on arm III and arm IV on arm I to produce this protection pattern. J1SMA-S is the shamrock analog of JiSMA. Two very minor cut sites immediately 5' to the 3' minor cut sites of J1SMA-S have been omitted from the drawing for clarity. The fragments due to cleavage of J1SMA-S are longer than the corresponding strands of J1-S because the intact shamrockjunction is four residues longer. It is clear from the relative intensities ofthe fragments arising from the right and left internally labeled junctions that J1-S is preferentially cleaved in direction 2, while J1SMA-S is preferentially cleaved in direction 1.
tions that the four-stranded complexes do. In addition, the left arm of the shamrock molecules contains a Sau96I restriction site that is cleaved when the molecule is treated with that restriction endonuclease. Thus, we find no evidence that the shamrocks are involved in any secondary structures other than those shown in Fig. 2 .
The sites of cleavage are shown in Fig. 2 , where their relative intensities are shown qualitatively. The cutting sites are all 3' to the junction and have no apparent sequence selectivity. The major cleavage sites within each group of cuts are twofold symmetric about the junction. The enzyme does not seem to cut in a fixed locus, but can cut over a short region, of two or three residues. It is unclear whether this effect is due to structural polymorphism in the substrate or to some low level of sequence preference combined with the asymmetry of minimally mobile junctions. The symmetry of the cleavage pattern suggests that the enzyme may cleave in a twofold symmetric fashion. If this were rigorously true, a single fixed-length fragment should result for the long internally labeled fragment in the right and left gels (Fig. 3b) . This seems to be true for resolution in direction 1, but -25% of the cleavage in direction 2 yields a fragment one residue longer than the main band.
There are more cutting sites seen for the monomobile junction than for the immobile junction. This Fig. 1 ) will become paramount. If our ascription of the basis for observing cleavage in both directions is correct, and the ratio of products reflects the crossover equilibrium, then the resolvase studied here appears to cleave only the strands of the junction involved in the crossover. Furthermore, it appears incapable of overcoming the crossover biases pres-ent in these molecules, in order to make crossover and noncrossover strands equivalent by imposing effective fourfold symmetry upon the junction before cleavage. Nevertheless, cleavage of the original noncrossover strands is mandatory if exchange offlanking markers is to occur. Therefore, crossover isomerization must take place (an odd number of times) for flanking markers to be exchanged if crossover biases persist in DNA with homologous sequence symmetry and have the same determinants noted in our previous studies (24) .
Elsewhere we have discussed the interplay of the equilibria represented by processes II and III of Fig. 1 (24) . If crossover biases persist in sequences that contain the symmetry of homologous crossovers, branch migration is likely to be accompanied by crossover isomerization. Crossover isomerization is likely to involve a four-domain intermediate (1, 35, 36) . Recently, Robinson and Seeman (11) have successfully modeled the kinetics of branch migration by requiring large longitudinal diffusive movements of the arms of Holliday junctions between two-domain and pseudo-fourfold symmetric four-domain junctions. Although those authors incorrectly estimated the relative stabilities of two-domain and four-domain junctions, the longitudinal diffusion model fits the existing data. It is therefore not unreasonable to suggest that crossover isomerization, driven by the types of bias we have already noted (22, 24) , may be a concomitant of a branch migration process that involves a four-domain intermediate, thereby facilitating crossover isomerization. Thus, rather than the two separate processes illustrated in Fig. 1 , crossover isomerization may be an intrinsic feature of branch migration.
The sensitivity of endonuclease VII to crossover bias suggests that, for a given strand exchange, particular junction-flanking stacking pairs will result in flanking marker exchange, and others will not. Nevertheless, either outcome ought to result from the twofold symmetric stacking pairs (ApT, TpA, CpG, and GpC); they should not exhibit a crossover bias, since the same stacking environment is present in either crossover isomer. Thus, the direction of resolution and the overall consequences of the crossover event appear to be indirectly dependent on the sequence to which the Holliday crossover has migrated when it encounters the resolvase.
